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INTRODUCTION
Motorcycles and scooters are increasingly popular means of transport in cities and urban agglomerations. For safety reasons, helmets are mandatory. Liu, Ivers, Norton, et al. showed that a helmet reduced the risk of head injury by ~72% [1] . Moreover, motorcyclists in helmets and other protective equipment are generally more safety conscious [2] .
To ensure maximum protection in case of a fall or collision, the helmet should tightly protect the whole surface of the head, including the face and ears. The space thus created inside an integral helmet can gather numerous noxious substances (mainly CO 2 ), which leads to a rise in temperature. This, in turn, can impair a motorcyclist's psychophysical performance.
Helmets are tested against mechanical durability [3] . Their effect on the physical and psychological performance was studied indirectly when determining various aspects: heat flux in manikin tests [4] , influence of hair growth and air velocity on heat flux [5] , rebreathing [6] , concentration of gases under the helmet [7] , sources and levels of noise under the helmet in a wind tunnel [8] , vision capability and hearing [9] , arrival time judgements [10] , etc. The objective of our experiments was to determine a sufficiently sensitive and comprehensive method for assessing the impact of integral motorcycle helmets on human psychomotor and physiological reactions that could also be used for fewer subjects. We assumed that the effect of integral helmets on human psychomotor and physiological reactions would be assessed against motorcyclists' thermophysiological reactions and cognitive functions.
MEASUREMENT STRATEGY
We divided the task into two parts. The first one was to determine the physiological parameters of a motorcyclist to be considered when evaluating the thermal environment and microclimate under the helmet. The second one was to verify the usefulness of selected psychological tests commonly used to identify the cognitive functions of motorcyclists.
On the basis of interviews with motorcyclists (police officers) and literature [11, 12, 13, 14, 15, 16, 17, 18] , we decided to carry out experiments with human subjects in a climatic chamber under conditions generally recognized as potentially most detrimental in terms of their effect on the cognitive functions of motorcyclists, i.e., in an environment corresponding to summer weather, with a noise level characteristic for an urban agglomeration and with low air velocity.
Material and Equipment
The experiments involved 5 healthy and physically fit male police officers performing their duties on motorcycles for ~11 years. Table 1 shows their detailed characteristics.
Before testing, the subjects underwent preliminary medical tests: an electrocardiogram, blood pressure measurement and physical endurance assessment against maximum oxygen consumption (VO 2max ). VO 2max was measured with the Åstrand method [19] , considering also the age coefficient. The results of the tests in all subjects were within acceptable limits. During tests, the subjects wore motorcycle uniforms in compliance with Poland's regulation [20] . The uniform consisted of trousers, leather boots and gloves and, optionally, a jacket and an integral helmet. The tests took place in a WK 40-70 climatic chamber (Weiss, Germany) with noise-generating and monitoring equipment: power amplifiers (Crown Audio, USA); Tonsil Voyager speakers (Tonsil Acoustic Company, Poland); a 1027 generator, a 4190 microphone, a 2669 Mic Preamp, a spectrum analyser measurement system, a 2236 sound level meter, a calibrator and a set of meters measuring and recording parameters of microclimate workstations (all from Brüel & Kjael, Denmark). For physiological and psychological measurements, we used the following equipment: an FT 2000 cardiometer for measuring heart rate (HR), local skin temperature and core temperature (Emtel, Poland); a Hygrolab thermometer and hygrometer to measure temperature and relative humidity (RH) in the space between the skin and the clothing or the helmet (Rotronic, Switzerland) and a MCZR/ATB 1.0 meter of choice reaction time (ATB Info-Elektro, Poland).
Procedures
The experiments covered two variants of the environment: thermoneutral and a combined influence of heat and noise (to examine the poten- For each test, the subjects did a set of psychological tests (tests 1-5, see section 2.4). Table 2 shows selected physiological parameters and parameters of the physical microclimate under the helmet (in relevant variants), which we recorded at the same time. The whole experiment lasted ~2 h.
Physiological Tests
During the experiments, we monitored continuously the following physiological reactions of the motorcyclists: HR, local temperature of the skin measured in 10 points, internal temperature measured in the external auditory canal (core temperature), temperature and RH in the space between the helmet and the head, and the concentration of CO 2 and O 2 under the helmet. Figure 1 shows the location of the sensors.
The subjects were under constant medical surveillance during the tests; there was visual and verbal contact. Even though the conditions did not entail any serious risk of exceeding permissible physiological parameters, we expected to discontinue tests in case of any of the following: internal temperature of over 39 °C, HR over 90% of the maximum value for a given age, subjective symptoms preventing continuation of the test or other medical recommendations. The Bioethics Committee at the Regional Medical Chamber in Warsaw, Poland, approved that method. 
Cognitive Functions and Psychomotor Performance Tests
The experiments included the following psychological tests:
· test 1 (3 min): choice reaction time measuring a motorcyclist's reaction time, i.e., the period between the stimulus and the response, estimated with the parameter of mean reaction time (milliseconds) and effective range, i.e., the difference between the shortest and longest reaction time (milliseconds) [21] ; · test 2 (20 min): ALS work performance measuring the rate of fatigue growth, indicated by solved (the number of solved tasks used to measure work speed) accrual of solved tasks (average increase in correctly performed tasks per minute, expressed with a gradient coefficient of a regression line) and the ratio of mistakes in the total number of performed tasks (%) [22] ;
· test 3 (10 min): SIGNAL attention and vigilance measuring cognitive processes, i.e., concentration and ability to maintain vigilance, also in monotonous conditions; the number of solved tasks was the performance indicator-reactions in response to an important stimulus, omitted-the number of stimuli to which the subjects failed to react [23] ; · test 4 (2 min): Piéron's attention measuring performance of cognitive processes including perceptiveness; the ratio of correct answers to the number of all answers in the test (%) was the performance indicator, omitted-the number of symbols the subjects failed to mark [24] ; · test 5 (3 min): Grandjean's scale measuring a subjective diagnosis of mood and fatigue, used as an indicator of mental load resulting from tasks requiring a mental activity [25] . t z -temperature in the space between the head and the helmet; RH z -humidity in the space between the head and the helmet; CO 2 , O 2 -concentration of CO 2 and O 2 , respectively; HR-heart rate.
Thermal and Comfort Sensation Tests
We measured subjective evaluation of temperature and RH with · test A with a 7-point thermal sensation scale: 
Statistical Analysis
We did a statistical analysis of the psychological tests with the Kolmogorov-Smirnov test to verify the normal distribution hypothesis and an analysis of variance (ANOVA) (single classification) for group means to verify the effect of factors characteristic for given test variants on the results of the psychological tests. Where distribution approximation for normal distributions of empiric random variables was not applicable or where the condition of variance homogeneity was not fulfilled (Bartlett's and Cochrane's tests), we used the Kruskal-Wallis (K-W) non-parametric method comparing empiric distribution of analysed random variables and, in the case of two distributions, also a rating test. Because there was no normal distribution (Shapiro-Wilk test), we used the Wilcoxon signed-rank test to analyse most of the examined physiological parameters (HR, skin temperature, core temperature, head skin temperature and temperature and RH in the space between the helmet and the head). The goal of the analysis was to determine if there were any significant differences between the mean values of the physiological parameters during experiments with and without a helmet, separately for the variants in thermoneutral conditions and in a hot environment.
RESULTS

Physiological Tests
Figures 2-3 present average values of mean skin temperature of the 5 subjects for different experiments. We observed the highest mean skin temperature (34.1 °C) for a thermoneutral environment, with a helmet. For the variant without a helmet, the temperature was lower by 0.76 °C. In an environment of heat and noise, the temperature for the test variants with and without a helmet differed by 0.22 °C. Such a considerably lower variation is attributable to the fact that the subjects did not wear jackets and to a markedly higher air velocity in the climatic chamber in an environment of heat and noise. Figure 4 shows the results of a statistical analysis of mean skin temperature. There are significant differences between the experiments with and without a helmet in thermoneutral conditions. The differences between mean skin temperatures during experiments in thermoneutral conditions were significant at p < .05. There were no significant differences in the mean skin temperature in the hot environment, so transfer of heat into the external environment was impossible. Both with and without a helmet, the transfer of heat generated by the body was equally difficult during experiments in a hot environment. Measurements of mean skin temperature revealed that this was a reliable indicator for evaluating the effect of an integral helmet on a motorcyclist's physiological parameters.
Figures 4-5 present mean core temperatures for all subjects in different variants of the experiment. The lowest mean core temperature (36 °C) was recorded in thermoneutral conditions, without a helmet; with a helmet, the temperature increased by 0.65 °C. During tests in a hot environment, the difference between mean values for variants with and without a helmet was much lower (0.23 °C). This relationship can result from the fact that the subjects did not wear jackets in tests in a hot environment. Moreover, air velocity was considerably higher (2 m/s) in the climatic chamber than in a thermoneutral environment. The results of a statistical analysis of mean core temperature reveal differences between the tests performed with and without a helmet. Those differences are significant for thermoneutral conditions until the 60th minute and for hot conditions until the 75th minute of the experiment. The differences between mean core temperatures were significant at p < .05. Therefore, it can be assumed that core temperature is a reliable indicator in terms of assessing the effect of a helmet on a motorcyclist's performance. Figures 6-7 show mean values of temperature changes of head skin for 5 subjects. In a thermoneutral environment, the difference between mean head skin temperatures with and without a helmet was 2.80 °C. The mean value for a hot environment and noise, determined in the same way, was 1.65 °C. It should also be noted that head temperature in the variant with a helmet, irrespective of the thermal environment, was ~36 °C.
The results of a statistical analysis of mean head skin temperature show differences between variants with and without a helmet. The differences are significant both for thermoneutral conditions and for a hot environment. The differences between the values of mean head skin temperature are significant at p < .05. Therefore, it can be assumed that head skin temperature during the experiment should be analysed very precisely. Using more sensors under the helmet is recommended; however, the subject's comfort is important, too.
In the variant without a helmet, the concentration of O 2 in the breathing zone remained stable at over 20%. During variants with a helmet, the concentration of O 2 in the first minutes of the experiment fell below 18% (Figure 8 ). Those data confirm the existence of a space around the head, limited by the helmet, where the concentration of O 2 decreases.
The results of a statistical analysis of the concentration of O 2 in the breathing zone show differences between tests with and without a helmet. Those differences are statistically significant both for thermoneutral conditions and for a hot environment. The differences in the mean concentration of O 2 in a user's breathing zone are significant at p < .05. The CO 2 absorption curves, describing changes in the concentration of CO 2 in the user's breathing zone, indicate that in the test variant with a helmet, the concentration of CO 2 in the breathing zone was higher than in the one without a helmet. This finding seems to confirm the existence of a limited space around the breathing zone of the subjects who wore a helmet during the relevant test (Figure 9 ). At the same time, we noted that in the test variant in a hot environment, with a helmet, the concentration of CO 2 exceeded permissible limits by under 3% between the 10th and 35th minute of the experiment. The results of a statistical analysis of the concentration of CO 2 in a user's breathing zone reveal differences between work with and without a helmet. Those differences are significant for thermoneutral conditions and also for a hot environment in the whole experiment. The differences between the mean values of the concentration of CO 2 in the user's breathing zone are significant at p < .05. The concentration of CO 2 measured in the immediate surroundings for each subject and for each test variant was similar, i.e., the mean for the four test variants was 0.3%. That result had no bearing on the values of the concentration of CO 2 in the user's breathing zone. At the same time, we determined that the concentration of O 2 and CO 2 should be estimated during experiments on the effect of helmets on motorcyclists.
With regard to the remaining parameters, there were no significant changes in the test variants with and without a helmet. In a thermoneutral environment, with a helmet, the mean values of HR were higher by 2.7 bpm (beats per minute) than the ones obtained in tests without a helmet.
The mean values of HR in an environment of heat and noise, with a helmet, were higher by ~0.9 bpm. Those values are not statistically significant. Similarly, we found no major impact of heat or a helmet on changes in HR. The permissible physiological limits of HR (HR max ) were not exceeded (HR max = 200 -age) in any test variant.
In all subjects, the increase in the temperature in the space between the helmet and the head was similar in moderate environment conditions: at the end of the test, the temperature was ~35.8 ± 0.2 °C. In a hot environment with a high level of noise (despite no jacket during the test), we noted more distinct individual differences; the final mean value was 36.6 ± 0.4 °C. On average, the temperature under the helmet in a hot environment with a high level of noise was higher by 0.6 °C than in thermoneutral conditions. The results of a statistical analysis of the mean temperature in the space between the helmet and the head indicated no significant differences at p < .05 between the variants of the environment conditions, i.e., thermoneutral ones and those of heat and noise. In all test variants for all subjects, we observed a marked increase in RH in the space between the helmet and the head. This finding suggests that the lining inside helmets had no absorption properties, which resulted in considerable accumulation of humidity in the space under the helmet. In an environment of heat and noise, average RH under the helmet was 5% lower than RH determined in moderate environment conditions. That is attributable to the fact that during experiments conducted in a hot environment the subjects did not wear jackets and as a result they did not sweat much. The results of a statistical analysis of mean RH in the space between the helmet and the head showed no statistically significant differences at p < .05 between the values determined in the conditions of moderate environment and in the conditions of heat and noise. Consequently, it can be concluded that RH in the space between the head and the helmet is not a reliable parameter in terms of evaluating the effect of the helmet worn in various thermal environments.
Psychomotor Performance and Cognitive Function
An analysis of variance of the results of test 3 revealed the following major statistical differences between V3 and V4:
· solved (F = 2.164, p = .103): wearing a helmet in an environment of heat and noise cooccurred with a considerably lower number of correctly solved tasks than wearing a helmet in thermoneutral conditions;
· omitted (F = 2.820, p = .041): wearing a helmet in an environment of heat and noise co-occurred with a considerably higher number of omissions than wearing a helmet in thermoneutral conditions.
An analysis of the results of test 5 demonstrated that in the case of mood, there were no significant differences in the distribution of the results obtained in four experiments (K-W = 6.03, p = .110), which means that the type of experiment did not have any major bearing on the level of the subjects' mood. With regard to the distribution of the results of fatigue in individual variants of experiments, there were significant differences (K-W = 21.85, p < .001). The experiments showed that fatigue gradually intensified from test to test, i.e., fatigue was lowest in variant 1 (thermoneutral conditions, without a helmet) and highest in variant 4 (an environment of heat and noise, with a helmet).
Test 1 revealed no major differences between the mean in 5 policemen in four experiments (mean reaction time: F = 0.237, p < .001; interval: F = 0.687, p = .563). Therefore, it can be concluded that variants did not influence complex reaction time test results. Consequently, it was not proved that environment conditions and wearing an integral helmet had an effect on the tested features.
An analysis of the results of test 2 showed that mean values of accrual in solutions obtained in the subjects in four variants did not reveal significant differences (F = 1.220, p = .310). Similarly, distributions of solved and mistakes obtained in four variants did not differ significantly (K-W = 0.12, p = .9893; K-W = 6.02, p = .111, respectively). Therefore, it can be concluded that the type of experiment, i.e., thermal conditions, noise, wearing or not wearing a helmet, had no effect on the level of attention and fatigue in the 5 subjects.
Test 4 showed no major differences between average test results in given experiment variants (correct answers: F = 0.008, p = .999; omitted: F = 0.375, p = .772). Therefore, the type of experiment did not differentiate the results of the perceptiveness test, which means the environment, noise and wearing or not wearing a helmet did not impact the level of perceptiveness.
Subjective Thermal Sensation Assessment
Thermal sensation and RH experienced by the subjects were comparable. Upon completion of the test in thermoneutral conditions with and without a helmet, the assessment of sensations was identical. In a hot environment, the assessment would deteriorate as the experiment progressed, particularly in the variant with a helmet. Each opinion on thermal sensations, clothes and skin humidity for a variant with a helmet was one degree higher as sensations deteriorated. The thermal sensation of the whole body was hot, clothes were slightly damp and body was wet (see section 2.5). Summing up, a helmet had no aggravating effect on thermal sensations and RH in a moderate environment, whereas in a hot environment it caused thermal discomfort.
CONCLUSIONS
Motorcycles are inherently unstable and require a higher level of concentration and shorter reaction time than four-wheel vehicles. In addition, a motorcyclist is more exposed to the weather and noise than a driver, which can have an additional adverse influence on concentration. A helmet is the only way to protect a motorcyclist's head against mechanical injuries in road collisions. However, adverse microclimate and breathing in gases generated under the helmet may aggravate motorcyclists' comfort and their cognitive functions. That is why developing appropriate research methods and increasing the number of experiments examining the effect of helmets and protective equipment is necessary to improve motorcyclists' safety on the road. The methods of testing presented in this article make it possible to assess the impact of a helmet on physiological and cognitive parameters of motorcyclists. It has been proved that the parameters which should be analysed in tests of comfort and safety with helmets and with the participation of volunteers are (a) physiological indicators: head skin temperature, core temperature and the concentration of O2 and CO 2 under the helmet; and (b) psychological indicators: reaction time, concentration and the subjective feeling of mood and fatigue.
Further research should include the following observations we made: (a) HR, temperature, and RH in the space between the helmet and the subject's head are not reliable indicators of changes caused by the helmet; a statistical analysis of those values showed that the differences determined in test variants with and without a helmet were statistically negligible; and (b) measuring internal temperature in the external auditory canal is characterized by a considerable uncertainty and subject-to-subject variability.
We performed tests with volunteers (policemen) in model conditions (parking in an urban agglomeration). The tests demonstrated an influence of a helmet on some physiological and cognitive functions of motorcyclists. Despite the fact that the surface of the head makes up only 10% of body surface, its temperature is significant for thermal comfort [18] . This is so because the vessels of the scalp do not contract in low temperatures. It was observed that insulating a policeman's head from the environment with a helmet led to accumulated RH (up to 63% in the final minutes of the experiment irrespective of thermal conditions) and heat (35.8 °C for thermoneutral conditions and 36.6 °C for conditions of heat and noise) in the space under the helmet. This process caused higher internal temperature (on average by 0.65 °C in thermoneutral conditions and 0.23 °C in conditions of heat and noise) and head skin temperature (on average by 2.81 °C in thermoneutral conditions and 1.65 °C in conditions of heat and noise) than the values determined without a helmet. At the same time, this phenomenon aggravated subjective thermal sensation and assessment of dampness of skin and clothes during the experiment.
The concentration of O 2 and CO 2 in the space under the helmet during the tests is consistent with data in the literature. Measurements on subjects wearing integral helmets demonstrated that during parking, the concentration of CO 2 under the helmet was 2% (permissible limit is over 3%) [7] . In addition, the tests showed that an insufficient exchange of air caused a decrease in the concentration of O 2 in the air breathed in by a motorcyclist to ~17%. This finding was confirmed in tests with motorcyclists parking, when the average concentration of O 2 under the helmet decreased to 17-20% [7] .
The level of psychomotor and cognitive functions also reflected changes in physiological parameters, which showed that attention can deteriorate in a subject wearing a helmet, under a combined influence of heat and noise. This result seems to confirm Pilcher, Nadler, Busch, et al.'s observations that concentration, perceptibility and reaction time are most susceptible to a negative influence of a hot environment [28] .
Our results show that testing helmets and their approval should be based on an assessment of head skin temperature, core temperature, and the concentration of O 2 and CO 2 under the helmet, tested with the participation of volunteers. Those parameters can be used as indicators of psychological parameters (the subject's reaction time, attention and subjective feeling of mood and fatigue). It should also be emphasized that during the process of constructing helmets, special attention should be paid to ensuring maximum possible ventilation in the space between the helmet and the head to minimize the risk of excessive concentration of CO 2 under the helmet and to provide a supply of fresh air during a motor ride.
From the perspective of a case study, it can be concluded that due to poor ventilation, wearing a helmet can cause an increase in the subject's head and core temperatures and, therefore, can deteriorate psychological parameters.
